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TricineAbstract Corrosion and corrosion inhibition of zinc electrode were investigated in neutral chloride
solution using electrochemical techniques. Increasing chloride concentration leads to an increase in
the corrosion rate of the electrode. The corrosion inhibition characteristics of Tricine (N-(Tri
(hydroxymethyl)methyl)glycine) have been studied as an eco-friendly green inhibitor for corrosion
control of zinc electrode in 0.5 M NaCl corrosive solution using potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) techniques. Tricine provided an inhibition effi-
ciency of 86.7% at 3 mM which increased to about 90% with 10 mM. The corrosion inhibition
mechanism of the protective layers is also discussed. The adsorption of Tricine on metal surface
obeyed Langmuir’s adsorption isotherm. Polarization measurements showed that the Tricine acted
as anodic inhibitor in NaCl solution and the inhibitor molecules followed physical adsorption on
the surface of zinc.
 2016 The Author. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Zinc is one of the most widely used metals. Its most important
commercial application is in the corrosion protection of steel,
for which it is extensively employed to coat or galvanizeferrous metallic products. However, it ranks fourth among
the metals in worldwide production and consumption [1].
The uses of zinc can be divided into six major categories: (i)
coatings; (ii) casting alloys; (iii) alloying element in brass and
other alloys; (iv) wrought zinc alloys; (v) zinc oxide; and (vi)
zinc chemicals [2]. The most important application of zinc is
a coating for steel corrosion protection. In addition, zinc is
an important component in paints, cosmetics, pharmaceuti-
cals, storage batteries, electrical equipment and an endless list
of other capital applications [3–5]. As a result of its impor-
tance, the zinc corrosion and electrochemistry has been studied
extensively [6–10] and reviewed thoroughly up to year 1996 by
Zhang [2]. Moreover, many investigations have beenneutral
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Figure 1 Chemical structure of inhibitor.
2 H. Nadyconducted to determine the kinetic and thermodynamic char-
acteristics of zinc electrode system. Extensive bibliographies
of this work appear in the literatures [8,11].
The anodic dissolution of zinc has been investigated in dif-
ferent electrolyte media. Some examples are: in potassium
hydroxide solutions [12–15], in potassium hydroxide in the
presence of sodium metasilicate [16], in potassium hydroxide
in the presence of carbonate ions [17], in potassium hydroxide
in the presence of ZnO [18], in sodium hydroxide solutions
[19], in sodium hydroxide in the presence of sodium silicate
and sodium tetraborate [20], in sodium hydroxide in the pres-
ence of sulfur containing ions such as Na2SO4, Na2SO3, Na2S,
Na2S2O3 or NH4SCN [21], in saturated zinc sulfate solution
[22], in aerated sodium sulfate solutions [23], in NH4Cl and/
or NH4Cl/ZnCl2 solutions [24,25], in NH4Cl + NiCl2 and
NH4Cl + NiCl2 + ZnCl2 electrolytes [26], in potassium
nitrate solution [27], and in aqueous salt solutions such as
Cl, Br, I, Ac, SO4
2 and NO3 [28]. The corrosion and
electrochemical studies of zinc dissolution in sodium chloride
solutions has been investigated in the literatures [29,30]. For
pH > 12, a passive layer composed of zinc hydroxide and/or
zinc oxide is formed on the surface of the zinc sample [30].
In an aerated acidic NaCl solution, the complexity of the layer
formed on zinc sample exposed to NaCl media makes the cor-
rosion mechanism of zinc difficult to be understood. It forms a
complex layer composed from zinc oxide, zinc hydroxide and
zinc hydroxide chloride or simonkolleite; Zn5(OH)8Cl22H2O.
The zinc hydroxide chloride and zinc oxide are the dominant
corrosion products [31]. In ambient CO2 levels, zinc hydroxide
carbonate or hydrozincite; (Zn5(OH)6(CO3)2H2O were addi-
tionally observed [32], with the major compounds being zinc
hydroxide chloride and zinc hydroxide carbonate [33].
The corrosion of zinc in the atmosphere has been addressed
in field exposures as well as in laboratory investigations in con-
trolled environments [34–36]. Besides the strong humidity
dependence it is generally agreed that deposition of sulfur
dioxide and chloride as well as the pH in rain are major factors
determining the corrosion rate of zinc. The influence of NaCl
on the atmospheric corrosion of zinc at 22 C has been inves-
tigated in a previous study by Falk et al. [36]. One of the main
accelerators of the corrosion of zinc in the atmosphere is sol-
uble chloride, e.g., NaCl. Sodium chloride attracts water vapor
from humid air to form a solution. The presence of a surface
electrolyte greatly increases the corrosion rate and also affects
the composition of the corrosion products. However, zinc is a
kind of active metal and can be easily corroded in acid med-
ium. The searching of an effective inhibitor to zinc is signifi-
cant for the protection during zinc corrosion [37]. The effect
of organic inhibitors [38] such as, sodium benzoate (NaBz)
and Sodium N-dodecanoylsarcosinate (NaDS), S-Octyl-3-
thiopropionate (NaOTP), 8-quinolinol (8-QOH) and 1,2,3-
benzotriazole (BTAH) on corrosion of zinc in aerated 0.5 M
NaCl solution was investigated by potentiodynamic polariza-
tion measurements. Cerium (III) chloride CeCl3 and sodium
octylthiopropionate C8H17S(CH2)2COONa (NaOTP) [39] are
effective inhibitors for zinc corrosion in 0.5 M NaCl. The inhi-
bition effects of chromate-free [40], environmentally acceptable
anion inhibitors were examined on corrosion of zinc in an aer-
ated 0.5 M NaCl solution by polarization measurements,
Sodium silicate Na2Si2O5 and phosphate Na3PO4 were
remarkably effective on zinc corrosion. Recently, Plant
extracts have again become important as an environmentallyPlease cite this article in press as: H. Nady, Tricine [N-(Tri(hydroxymethyl)methyl)g
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a wide range of needed inhibitors. The aqueous extract of
the leaves of henna (lawsonia) [43] was tested as corrosion inhi-
bitor of zinc in neutral solutions, using the polarization tech-
nique. It was found that the extract acts as a good corrosion
inhibitor in the tested media.
In this paper we are introducing eco-friendly amino acid
derivative, namely Tricine (N-(Tri(hydroxymethyl)methyl)gly-
cine) inhibitor to control the corrosion of Zinc in a stagnant
naturally aerated neutral NaCl solution. The corrosion rate
and corrosion inhibition efficiency were calculated using differ-
ent concentrations of the inhibitor. In this respect, conven-
tional electrochemical techniques such as potentiodynamic
polarization and electrochemical impedance spectroscopy,
EIS, were used. The experimental impedance data were fitted
to theoretical values according to equivalent circuit models
enables understanding the corrosion inhibition mechanism
and the suggestion of the suitable model that explains the elec-
trochemical behavior of the metal/solution interface under dif-
ferent conditions.
2. Experimental
The inhibitor molecule used in this paper was purchased from
Sigma–Aldrich and have the structure presented in Fig. 1. As
can be seen, they have different active groups, which can act
as adsorption centers. The working electrodes were made as
massive rods from commercial grade Zn electrode. The elec-
trodes were mounted into glass tubes by two-component epoxy
resin leaving a surface area of 0.2 cm2 to contact the corrosive
medium. The electrochemical cell was a three-electrode all-
glass cell, with a platinum counter electrode and saturated
calomel reference electrode. Before each experiment, the work-
ing electrode was mechanically polished using successive
grades of emery papers down to 2000 grit, rubbed with a
smooth polishing cloth, then washed thoroughly with triple
distilled water and transferred quickly to the electrochemical
cell. The measurements were carried out in aqueous solutions,
where analytical grade reagents and triply distilled water were
always used. The effect of chloride ion concentration was stud-
ied in solutions containing various amounts of NaCl (0.1–
0.5 M). The corrosion inhibition by Tricine, was carried out
in solutions containing 0.5 M NaCl.
The polarization experiments and electrochemical impe-
dance spectroscopic investigations, EIS, were performed using
a VoltalabPGZ 100 ‘‘All-in-one” potentiostat/Galvanostat sys-
tem. The potentials were measured against and referred to the
saturated calomel electrode, SCE (0.245 V vs. NHE). To
achieve quasi-stationary condition, the polarization experi-
ments were carried out using a scan rate of 10 mV s1.
Actually, a scan rate between 1 and 10 mV did not show
remarkable difference in the polarization curves. Thelycine] – A novel green inhibitor for the corrosion inhibition of zinc in neutral
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Table 1 Corrosion parameters of Zn in neutral solution at
different NaCl concentration at 25 C.
Cl/
M
Ecorr/
mV
icorr/
lA cm2
ba/mV/
dec
bc/mV/
dec
Corr. rate/
mm y1
0.1 1427.6 34.6 50.6 93.4 0.441
0.2 1722.8 262.2 109.7 76.7 3.34
0.4 1710.0 294.6 111.1 79.4 3.75
0.5 1682.6 346.2 117.1 82.3 4.41
Doctopic: Green inhibitor for the corrosion inhibition of zinc 3impedance, Z, and phase shift, h, were recorded in the fre-
quency domain 0.1–105 Hz. The superimposed ac-signal was
10 mV peak to peak amplitude.
3. Results and discussion
3.1. Potentiodynamic polarization measurements
3.1.1. Effect of chloride ion concentration
The electrochemical behavior of the Zn electrode was investi-
gated by the polarization technique. Linear polarization exper-
iments and Tafel extrapolation measurements were used. The
potentiodynamic polarization curves of Zn electrode after
holding the electrode at the open-circuit potential for 60 min
in naturally aerated solutions of chloride containing solutions
are presented in Fig. 2. The corrosion parameter that is corro-
sion potential, Ecorr and corrosion current density, icorr, of the
electrode in chloride-containing naturally aerated stagnant
aqueous solutions were calculated and presented in Table 1.
The interesting point of the anodic and cathodic curve, Ecorr,
is that they did not show a significant shift with an increase
in chloride ion concentration. Table 1 show that the corrosion
current density, icorr, of the electrode increases with increasing
the chloride ion concentration. The increase in corrosion rate
with increasing chloride ions concentration may be attributed
to the participation of chloride ions in the dissolution reaction.
Analysis of the curves in Fig. 2 shows no passive–active tran-
sition up to high currents. This could be explained by the pres-
ence of Cl ions that prevents the formation of the passive film
and further accelerates the process of anodic dissolution, more
deeply with the increase in Cl concentration. It is assumed
that Cl ions participate by competitive adsorption at the reac-
tion at the metal–electrolyte interface resulting in chemisorbed
films that satisfy the surface affinity for oxygen atoms or water
molecules. The specific adsorption of these anions reduces the
potential energy barrier necessary for transition from the metal
phase in solution; therefore, the acceleration of the anodic dis-
solution takes place. Hence, in the presence of Cl ion, which
is more surface active than other anions, there is a competitive
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Figure 2 Polarization curves of Zn in naturally aerated stagnant
solution at different concentrations of NaCl at 25 C.
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pit acts as a fixed anode and the remainder of the passive sur-
face acts as cathode. The formation of a pit depends on the
number of factors including type and concentration of attack-
ing (depassivating) anions, type of material present and rela-
tive concentration of other anions as well as temperature
[21]. The interesting feature of pitting corrosion of Zn elec-
trode by halide ions in aqueous solution is that, it does not
start directly after the presence of the metal in the corrosive
medium but that, a certain time, so called induction period
elapses before dissolution starts. The time decreases as the con-
centration of the depassivation anion increases [44]. Pitting
corrosion does not occur unless the potential of the working
electrode surpasses a certain definite value, normally known
as the (break through) or critical potential [45]. The value of
this potential depends on the type of materials, halide concen-
tration and the presence of other anions [46]. The value of the
pitting potential or induction period can be taken as a measure
of the resistance of protective film toward corrosion. The crit-
ical pitting potential is always defined as the potential below
which the metal surface remains passive and above which pits
nucleate and develop. The potential for most metal and alloys
shift to negative direction as the concentration of the aggres-
sive halogen ion increases [47]. Pitting corrosion of zinc as
other metals and alloys occurs when passivity breakdown
takes place at local points on the surface exposed to the corro-
sive environments at which anodic dissolution proceed, while
the major part of the surface remain passive. Two basic condi-
tions must be fulfilled for the initiation and propagation of pit-
ting corrosion. The major part is that the metal surface should
be covered with an electronically conducting, passivating,
inhibiting film on which the cathodic partial reaction takes
place. This film can be formed naturally, or be produced
through alloying with an appropriate metal or by oxidizing
agents with redox potentials equal to, or higher than, the cor-
responding Flade potential and/or by anodic protection. Sec-
ondly, the medium should contain an aggressive agent.
Chloride ion is the most dangerous pitting agent and for this
reason pitting corrosion is sometimes referred to as ‘‘Chlor
ide-corrosion”. Fig. 3a represents the potentiodynamic anodic
polarization curves of zinc electrode in different concentra-
tions of NaCl solution. It is clear from this figure that, the
higher Cl ion concentration results in a sudden and marked
increase in current density at the same definite potential denot-
ing the destruction of the passive film and initiation of visible
pits. The higher the concentration of Cl ion, the higher the
shift of pitting potential to active direction. Examination of
the electrode surface after polarization experiments showed
visible pits whose number per unit area increases with the
increase in Cl ion content of the solution. Also, the increaselycine] – A novel green inhibitor for the corrosion inhibition of zinc in neutral
/j.ejpe.2016.02.004
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
-20
0
20
40
60
80
100
120
140 5
5
4
4
3
3
2
2
1
1 0.1M NaCl
0.2M NaCl
0.3M NaCl
0.4M NaCl
0.5M NaCl
 C
ur
re
nt
 d
en
si
ty
, i
 /m
A 
cm
-2
E (V vs SCE)
Figure 3a Potentiodynamic anodic polarization curves of Zn in
naturally aerated stagnant NaCl solution at different concentra-
tions at 25 C. (1) 0.1 M, (2) 0.2 M, (3) 0.3 M, (4) 0.4 M and (5)
0.5 M NaCl.
4 H. Nadyin Cl ion concentration shifts the critical pitting potential to
the negative (active) direction. This effect could be attributed
to the adsorption of aggressive anion on the bare metal sur-
face. The dependence of the pitting corrosion potential of zinc
electrode on chloride ions concentrations can be clearly seen in
Fig. 3b. This figure represents the plot of pitting potential Epit.
vs. the logarithm of chloride ion concentration. Straight line
relationship was obtained satisfying the following equation:
Epit ¼ a b log½Cl ð1Þ
where a and b are constants which depend on both the nature
of the electrode and type of aggressive anions and whose val-
ues depend on the scan rate [48]. The constant b represents
the slope of the linear relationship and was calculated to be
287 mV. It represents the rate of decreasing of the break down
potential with [Cl]. As the concentration of chloride ions
increases the pitting potential is shifted to a more negative
direction indicating the destruction of passive film and initia-
tion of pitting corrosion. It seems likely that in the presence
of halide ions (Cl) in the solution, the high specific adsorba-
bilities of these anions [49] imply a competitive adsorption at
the metal surface level between these anions and OH- ion
which is essential for zinc dissolution and formation of ZnO-1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
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Figure 3b Variation of pitting potential (Epit) with log [Cl
].
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adsorbed X- ions can participate directly and react with zinc
atoms leading to the formation of the soluble ZnX4
2 com-
plexes [50]. Therefore, it can be concluded that, the charges
consumed through the anodic peak correspond to the electro
formation of both ZnO and ZnX4
2.
According to the many literature data, Zn corrosion in
NaCl solutions occurs with the formation of mixture of zinc
oxide, zinc hydroxide chloride hydrate and zinc hydroxide car-
bonate [31,33]. This mixture of corrosion products possesses a
porous structure, so the real passivation of Zn cannot be
accomplished [30]. Several studies on corrosion behavior of
zinc in NaCl solutions have been carried out, where the corro-
sion of zinc proceeds via two partial reactions [30,31]. (i) The
cathodic reaction corresponds to the reduction of oxygen
and leads to a pH increase
2H2OþO2 þ 4e ! 4OH ð2Þ
(ii) The anodic reaction involves the dissolution of zinc as
follow:
Zn! Zn2þ þ 2e ð3Þ
It can be expected that the zinc cation and the hydroxide anion
react to produce zinc hydroxide:
Zn2þ þ 2OH ! ZnðOHÞ2 ð4Þ
This is then converted into zinc hydroxide chloride hydrate by
the diffusion of chloride ions during exposure to the aggressive
solution [51]:
Zn2þ þ 4H2Oþ 2Cl þ 4ZnO! Zn5ðOHÞ8Cl2 H2O ð5Þ
The localized nature of corrosion strongly suggests that elec-
trochemical corrosion elements are active on the surface, fea-
turing well-separated anodic and cathodic areas. The anodic
dissolution of zinc appears to occur on a small fraction of
the surface, resulting in the development of a small number
of deep pits. We propose that oxygen reduction constitutes
the cathodic reaction and that it occurs on the surface between
the pits. It seems probable that the cathodic reaction occurs on
the semiconducting zincite (ZnO) [52]. The corrosion cells
established on the surface result in potential gradients and con-
centration gradients, notably pH gradients, on the surface. The
anodic sites where Zn2+(aq) is formed accumulate Cl2(aq) due
to migration. The Zn2+ (aq) ions give rise to a relatively low
pH in the anodic regions. On the other hand, oxygen reduction
and the accumulation of Na+ (aq) due to migration result in
high pH in the cathodic areas.
3.1.2. Effect of inhibitor concentration
Polarization experiments were undertaken specifically to sepa-
rate the different effects of Tricine on the anodic and cathodic
partial reactions of the corrosion process. Fig. 4a illustrates
typical anodic and cathodic polarization curves of Zn electrode
in 0.5 M NaCl with and without Tricine. The corrosion param-
eters i.e. the corrosion potential and the corrosion current den-
sity of the Zn electrode in inhibitor free and inhibitor
containing solutions are calculated and presented in Table 2.
It is clear from the potentiodynamic data that the presence
of the Tricine decreases the corrosion rate. This is also reflected
on the values of both ßa and ßc in most cases a decrease in these
values was recorded (cf. Table 2), which means that both thelycine] – A novel green inhibitor for the corrosion inhibition of zinc in neutral
6/j.ejpe.2016.02.004
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0
-6
-5
-4
-3
-2
-1
0.5M NaCl, blank
0.5M NaCl + 3 mM Tricine
0.5M NaCl + 6 mM Tricine
0.5M NaCl + 10 mM Tricine
lo
g 
( i
 /A
 c
m
-2
)
E (V vs SCE)
Figure 4a Polarization curves of Zn in 0.5 M NaCl solution in
the absence (––) and presence of 3( ), 6(. . .) and 10 mM (-- - -)
Tricine.
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Figure 4b Variation of the corrosion inhibition efficiency, g, and
the current density of Zn corrosion in stagnant naturally aerated
neutral 0.5 M NaCl solution with the inhibitor concentration at
25 C.
Doctopic: Green inhibitor for the corrosion inhibition of zinc 5cathodic and anodic reaction rates were decreased in the pres-
ence of the Tricine molecule. The general shift of the corrosion
potential in the positive direction and the decrease of the ba
values, indicate that these molecules function as anodic inhibi-
tors more than cathodic inhibitors [53].
The corrosion inhibition efficiency, g, was calculated from
the values of the corrosion current density without inhibitor,
icorr, and its value in the presence of the inhibitor, icorr (inh),
according to:
g ¼ icorricorrðinhÞ
icorr
 
%100 ð6Þ
Generally, with an increasing inhibitor concentration, the
corrosion current density and corrosion rate decrease (cf.
Table 2) and the inhibition efficiency increases (cf. Fig. 4b).
The high inhibition efficiency of Tricine is due to the presence
of the different function groups (4OH and NH group). It is
well known that organic corrosion inhibitors are adsorbed
on metallic surfaces through hetero-atoms like nitrogen, oxy-
gen or sulfur. In neutral solution, a inhibitor molecule can
be protonated at the amine group, even though the presence
of O–H decreases the stability of the positive charge. The inhi-
bitor could interact with the corroding alloy surface via the
protonated amino groups or via the O- atom in the aliphatic
chain which can be adsorbed at anodic sites and retard Zn elec-
tro dissolution. The oxygen containing amino acids can be
adsorbed as bi-dentate ligands in which surface coordination
is taking place through both the amino group (or carboxylicTable 2 Corrosion parameters of the zinc corrosion in stagnant na
different concentrations of Tricine at 25 C. The surface coverage is
Inh./mM Ecorr/mV icorr/lA cm
2 ba/mV/dec
Blank 1682.6 346.2 117.1
0.5 1699.3 274.8 86.4
1.0 1682.2 241.6 71.7
3.0 1543.8 46.16 137.0
6.0 1492.0 33.9 67.3
10.0 1485.0 32.9 78.5
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aerated sodium chloride solution, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016group) and the –O– moiety. The compound thus has the ability
to influence both the anodic partial reactions, giving rise to the
recorded anodic inhibition mechanism.
The corrosion inhibition process is based on the adsorption
of the amino acid molecules on the active sites and/or deposi-
tion of the corrosion products on the alloy surface [54]. This
process depends on both the nature of amino acid molecules
and the state of the metal surface. In neutral solutions, the
amino acid molecules are present as Zwitter ion
Zwitter ion of amino acid                  Zwitter ion of Ticine
(neutral solution)                               (neutral solution)
.
In the same manner, Tricine forms a zwitter ion with the
carboxyl group negatively charged and the tertiary amine pro-
tonated and positively charged. Also, in halide containing
solutions, especially chloride ions which are considered as pit
initiators [55], the metal surface is mostly covered with an
adsorbed layer of the halide ions. The amino acid molecule
with its Zwitter ion form will be adsorbed on the active sites,
where the Cl are already present according to the following
formulation:turally aerated neutral 0.5 M NaCl solution Free and containing
also presented.
bc/mV/dec h Surface area (cm
2) g
82.3 – – –
64.1 0.207 0.0414 20.7
59.6 0.302 0.0604 30.2
94.7 0.87 0.174 86.7
52.9 0.90 0.180 90.2
61.4 0.91 0.182 90.5
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Figure 5 Langmuir isotherms of the adsorption Tricine on the
Zn metal surface in stagnant naturally aerated neutral 0.5 M NaCl
solution at 25 C.
6 H. Nadyi.e. the adsorption of the amino acid is enhanced in the pres-
ence of the halide ions [54]. The synergistic effect between the
Tricine molecules and the chloride ions leads to a stabilized
adsorption of the Tricine molecules on the active sites and
hence a decrease in the corrosion rate, i.e. a decrease in the cor-
rosion current density, is recorded.
3.2. Adsorption isotherm
It is evident that the corrosion inhibition process is based on
the adsorption of the inhibitor molecules on the metallic sur-
face. Generally, two modes of adsorption can be considered.
Physical adsorption requires the presence of electrically
charged metal surface and charged species in the bulk of the
solution. The second mode is the chemisorption which requires
charge sharing or charge transfer from the inhibitor molecule
to the metal surface. In order to specify the adsorption mode
of Tricine molecule on the Zn electrode surface in the chloride
solution, the degree of surface coverage, h, at different concen-
trations of the inhibitor in the stagnant naturally aerated neu-
tral chloride solution was determined from the corresponding
electrochemical polarization measurements according to:
h ¼ icorr icorrðinhÞ
icorr
ð7Þ
The obtained values of h were fitted to different isotherms
including Langmuir, Frumkin and Temkin isotherms. The best
fitting was found to obey the Langmuir adsorption isotherm,
Eq. (9), which is based on the assumption that all adsorption
sites are equivalent and that particle binding occurs indepen-
dently from nearby sites being occupied or not [56]:
K C ¼ h
1 h ð8Þ
where C is the concentration of inhibitor, h, the fractional sur-
face coverage and K is the adsorption equilibrium constant
related to the free energy of adsorption DGads as [57]:
K ¼ 1
C solvent
exp½ðDG0ads=RT ð9Þ
where Csolvent represents the molar concentration of the sol-
vent. In the case of water Csolvent is 55.5 mol dm
3, R the uni-
versal gas constant and T is the absolute temperature. Eq. (9)
can be rearranged to obtain the following formulation:
C
h
¼ 1
K
þ C ð10Þ
A plot of C/h as a function of C gives a straight line with a
slope of unity. Such linear relationship was verified for the
adsorption of Tricine on the electrode surface (cf. Fig. 5).Please cite this article in press as: H. Nady, Tricine [N-(Tri(hydroxymethyl)methyl)g
aerated sodium chloride solution, Egypt. J. Petrol. (2016), http://dx.doi.org/10.101The free energy of adsorption, DGads, was calculated and
found to be equal to 10.29 kJ mol1. A value of
40 kJ mol1 is usually adopted as a threshold value between
chemi- and physisorption [57]. Therefore the adsorption of the
investigated inhibitor molecules on Zn electrode is of a physi-
cal nature.
3.3. The electrochemical impedance measurements
To get further information concerning the inhibition process
and to confirm the potentiodynamic polarization experiments,
electrochemical impedance spectroscopic investigations of Zn
in inhibitor free and inhibitor containing neutral chloride solu-
tions were carried out. Electrochemical impedance is a power-
ful tool in the investigation of the corrosion and adsorption
phenomena [58]. It enables the fitting of the experimental
results to a pure electronic model to represent the electrochem-
ical system under investigation. The correlation of the experi-
mental impedance plot to an equivalent circuit enables the
verification of the mechanistic model for the system. Such a
correlation leads to the calculation of the numerical values cor-
responding to physical and/or chemical properties of the elec-
trochemical system [58].
The impedance data of Zn, recorded after the immersion
time of 1 h, in the presence of different concentrations of Tri-
cine in 0.5 M NaCl are presented as Bode and Nyquist plots in
Fig. 6. The Bode plots show resistive region at high frequencies
and capacitive region at intermediate frequencies but do not
show a clear resistive region (horizontal line and a phase angle
0) at low frequencies (Fig. 6a). These plots show two over-
lapped phase maxima at intermediate and low frequencies.
The Nyquist plots show a depressed semicircular shape with
their centers below the real axis (Fig. 6b). This behavior is typ-
ical for solid metal electrodes that show frequency dispersion
of the impedance data. The recorded resistance values increase
with the increasing inhibitor concentration indicating that the
electrode surface gets more protection. For a simple equivalent
circuit consisting of a parallel combination of a capacitor, Cdl,
and a resistor, Rct, in series with a resistor, Rs, representing the
solution resistance, the electrode impedance, Z, in this case is
represented by the mathematical formulation:lycine] – A novel green inhibitor for the corrosion inhibition of zinc in neutral
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Figure 6 Nyquist plots (a) and Bode diagrams (b) of Zn in 0.5 M NaCl (jjj) solution with the addition of 3(ddd) and 6 mM (NNN)
Tricine at 25 C. (c). Equivalent circuit model used to fit the EIS experiment data. Rs = solution resistance, Rct = charge-transfer
resistance, Cdl = double layer capacitance, Rpf = passive film resistance, and Cpf = passive film capacitance.
Table 3 Electrochemical impedance parameters of Zn elec-
trode in stagnant naturally aerated neutral 0.5 M of NaCl
solution free and containing different concentration of Tricine
at 25 C.
Inh. Conc.
(mM/L)
Rs/
X
Rct/
X cm2
Cdl/
lF cm2
Rf/
X cm2
Cf/
lF cm2
0 2.3 2.3 2.750 1.2 8.7
3 3.1 65.9 120.6 27.9 2280
6 3.3 63.6 62.6 32.1 245.3
10 3.5 10.5 3.1 37.1 27.12
Doctopic: Green inhibitor for the corrosion inhibition of zinc 7Z ¼ Rs þ Rct
1þ ð2pfRctCdlÞa
ð11Þ
where a denotes an empirical parameter (0 6 a 6 1) and f is the
frequency in Hz. The above relation takes into account the
deviation from the ideal RC-behavior in terms of a distribu-
tion of time constants due to surface inhomogeneties, rough-
ness effects, adsorption of inhibitors, formation of porous
layers and variations in properties or compositions of surface
layers [59]. In this context a can be used as a measure of the
surface inhomogeneity. The corroding surface of Zn in 0.5 M
NaCl is expected to be inhomogeneous because of its rough-
ness. The impedance spectra obtained experimentally were
analyzed using software provided with the electrochemical
workstation. According to ac circuit theory, an impedance plot
obtained for a given electrochemical system can be correlated
to one or more equivalent circuits. The impedance data of
the zinc electrode in the presence of different inhibitor concen-
trations were analyzed using the equivalent circuit shown in
Fig. 6c. The time constant at high frequencies originated from
the double layer while the one at low frequencies initiated from
the adsorbed layer. The calculated equivalent circuit parame-
ters for Zn in neutral chloride solutions containing different
concentrations of Tricine are presented in Table 3. Table 3
shows that Rf increases with the increase in the inhibitor con-
centration. The reciprocal charge transfer resistance, 1/Rf, is
directly proportional to the corrosion current. This means thatPlease cite this article in press as: H. Nady, Tricine [N-(Tri(hydroxymethyl)methyl)g
aerated sodium chloride solution, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016the corrosion rate decreases with the increasing inhibitor
concentration.
The adsorption process is affected by the chemical struc-
tures of the inhibitors, the nature and charged surface of the
metal and the distribution of charge over the whole inhibitor
molecule [60]. Due to the complex nature of adsorption and
inhibition of a given inhibitor, it is impossible for a single
adsorption mode between inhibitor and metal surface. Inhibi-
tor molecules may be adsorbed on the metal surface in one or
more of the following ways [61]: (i) Electrostatic interaction
between the charged molecules and the charged metal, (ii) Syn-
ergism due to different active constituents blocking the active
sites of the metal and (iii) Interaction of unshared electronlycine] – A novel green inhibitor for the corrosion inhibition of zinc in neutral
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8 H. Nadypairs in the molecule with the metal. The inhibition mechanism
of the tested inhibitor is a combination of surface blockage and
electrostatic attraction between adsorbed inhibitor molecule
and chloride ions. The inhibitor molecules containing hetero
atoms (O and N) with lone-pair electrons set up their inhibi-
tion action via the adsorption of the inhibitor molecules on
the metal surface. The increase in efficiency of inhibition of
Tricine indicates that the inhibitor molecules are adsorbed
on the Zn electrode surface at a higher concentration, leading
to greater surface coverage (h) [62]. The inhibition process of
Zn electrode in the studied environment can be explained by
the adsorption of the components of Tricine on the metal sur-
face. Active constituent molecules contain oxygen atoms in
functional groups (OAH, CAH, CAO, NAH and C‚O),
which meet the general consideration of typical corrosion inhi-
bitors. The adsorption of these compounds on Zn surface
reduces the surface area that is available for the attack of the
aggressive ion from the NaCl solution. Studies have shown
that Tricine compounds can be used as corrosion inhibitors.
4. Conclusion
Tricine can be considered as effective corrosion inhibitors for
the corrosion of the zinc in neutral chloride solutions. The
molecules behave like anodic type inhibitors. A corrosion inhi-
bition efficiency of about 90.4% was recorded in the presence
of 10 mM L1 of Tricine in 0.5 M NaCl solutions. The corro-
sion inhibition was attributed to the adsorption of the inhibi-
tor molecules through the oxygen atom and/or the nitrogen
atom on the active corrosion centers of the electrode surface
forming a blocking barrier to the corrosion process. The
adsorption mode obeys the Langmuir adsorption isotherm
and the calculated free energy of adsorption of both inhibitors
on Zn is in the range of 10.29 kJ mol1 which reveals physi-
cal adsorption.References
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